(g) (h) Figure 1 . The glare parade: from (a) to (h) the only thing that physically changes is the luminance range of the grey-scale ramps on the arms of the crosses. Such changes have a dramatic effect on the brightness of the central squares, which are actually physically all identical and photometrically equivalent to the background.
to glow when its luminance is about 1.7 times that of a surface that would appear white observed under identical conditions of illumination.
The ratio-to-white rule defined by Bonato and Gilchrist is extremely important, but the anchoring theory used to account for the data clashes with the glare effect and the possibility of perceiving self-luminous greys. In fact, according to such a theory, a surface perceived as white would serve as an anchor both for lightness scaling purposes and for the definition of what should appear luminous. (1) Nevertheless, human observers can experience that the luminance for white and the luminance for luminosity clearly diverges, as they can perceive a grey that is selfluminous while the background continues to remain white. Paraphrasing Wittgenstein (1977) , it is obvious that what is grey is not white. Since the existence of the glare effect and the possibility of experiencing luminous greys challenges the empirical rule defined by Bonato and Gilchrist (1994) , it becomes quite interesting to see how perceived white and the threshold for luminosity in glare-like displays interact when they are observed simultaneously within the same visual scene. For example, if an observer is presented with two identical black crosses on a computer screen, and can adjust one cross to make the centre look white and the other cross to make the centre appear luminous, will the luminosity threshold be higher than the adjustment for seeing the surface white? How will those two percepts eventually interact?
Two experiments were conducted where the participants' task was to adjust the luminance of two square targets simultaneously present in the same scene, one to white and one to luminosity. The targets differed only in their immediate surrounds, with only the target for luminosity being surrounded by luminance ramps, ranging from black to the intensity of the target itself, while it was adjusted by the participant.
Experiment 1
In the first experiment, observers were asked to adjust the luminance of a black square (the target for white, T w ) until it appeared white and thenöwith T w still visibleöto adjust the luminance of another black square (the target for luminosity, T g ), which was the central part of a completely black cross (at the beginning of each trial), until it appeared to glow as a luminous square (figure 2a). When adjusting T g to luminosity, a gradient would appear on the arms of the cross in such a way that the luminance end of the gradients adjacent to T g and the luminance of T g would always match.
Material
Stimuli were computer-generated and displayed on a 17 inch NEC computer screen with resolution 128061024. Stimuli consisted of a cross with a square centre (T g ) on the left side of the screen and a square (T w ) on the right side of the screen, viewed simultaneously. T g and T w had the same dimensions (4.5 cm64.5 cm; ie 4 deg 30 min of arc side) and were placed 9.5 cm apart (ie 9 deg 30 min of arc). The arms of the cross also measured 4.5 cm65.5 cm. T g and T w could be adjusted to any of the 256 levels of grey available, ranging from 0.15 cd m À2 to 98.18 cd m À2 . When the observer adjusted T w to white, only the luminance of the target would change. When, instead,
(1) The anchoring theory for lightness perception is based on the idea that lightness computation, that is the perception of achromatic surface colours, relies on luminance ratios within frameworks. By framework, the authors of such a theory usually intend regions of adjacent luminances that group together according to Gestalt principles of field organisation. A visual scene may contain many local frameworks and has always a global framework, which is the scene in its totality. Yet luminance ratios alone can be highly ambiguous as to what shades of grey they may come from. The ambiguity is resolved in the visual system by determining an anchor, that is a lightness value that is used as a reference for all the luminance ratios within a specific framework. Many experiments have led to the conclusion that the anchor for lightness perception is given the value of white by the visual system. the observer adjusted T g to self-luminosity, both the target and the arms of the cross would change in such a way that T g and the inner ending of the ramp would always have equal luminance. The function of the luminance gradient was maintained as linear as possible, as allowed by technical characteristics of the monitor.
Three luminance backgrounds (B ) were employed: 0.3, 3.04, and 30.2 cd m À2 , corresponding to black, dark grey, and light grey. Three room illumination conditions (I ) were employed: I 1 dark room (the computer screen was the only variable light source); I 2 dim room (a table lamp was lit and the light was directed to the light on the wall opposite the rear of the computer); and I 3 bright room (the room was illuminated by neon light coming from the ceiling). The reason for using three conditions of room illumination was that results may be inverted on the basis of the general illumination in the visual field. In a dark room, luminosity might be detected at room In both experiments, the targets for luminosity (T g ) were systematically adjusted to lower luminances than the targets for white (T w ). The results from experiment 2 show that the illumination of the room did have an effect on the adjustments performed. It is also worth noticing that in experiment 2, within each illumination condition, the curves for white and those for luminosity are parallel. Even though the results may appear paradoxical, with luminosity thresholds set far below the luminance adjustments for surface-white, none of the participants showed any trouble either in understanding or performing the task.
intensities lower than surface-white; in a bright room, in order for a target to be perceived as self-luminous its luminance should be higher than that for white. The walls of the laboratory were white; for the illumination conditions, I 1 , I 2 , and I 3 the portion of the front wall just opposite the monitor measured 0.15, 11.02, and 22.66 cd m À2 , respectively, at the beginning of each trial with B 0X3 cd m À2 . Stimuli were viewed binocularly in free vision at a distance of approximately 57 cm.
Participants
Participants were six members of the General Psychology Department of the University of Padua. They were volunteers who had previous experience with psychophysical tasks and were unaware of the purposes of the experiments. All participants had normal or corrected-to-normal vision.
2.3 Procedure Trials were divided into three sessions, according to the three different levels of room illumination. There were ten trials for each level of background luminance and, as two targets needed to be adjusted for each trial, 180 adjustments were required. The order of the sessions was randomised for each subject and the order of the trials was randomised within each session. At the beginning of each trial T g and T w both had a luminance of 0.15 cd m À2 . The tasks within each trial consisted in adjusting, by using keys on the computer keyboard, first T w to perceived white and then T g to self-luminosity. It was explained to the participants that self-luminosity meant that the target should be made to appear as a source of light, like a switched-on neon tube. All participants appeared to understand the analogy. Participants were free to repeat each trial until they felt satisfied with the adjustments made, and then to pass on to a new trial. There was a 5 min interval between each session. Figure 2a shows the results of experiment 1. As one can see, adjustments for luminosity were always lower than adjustments for perceived white in all three illumination conditions. A 26363 (T6B6I ) ANOVA for repeated measures was performed on the data, confirming that the difference between the two types of adjustments was statistically significant (F 1 5 6X768, p 5 0X05). The variable`background' produced also significant effects (F 2 5 45X991, p 5 0X0001), but`illumination' appeared not to affect adjustments (F 2 5 0X588, p 0X57). Only the interactions B6I (F 4 5 2X966, p 5 0X05) and B6T (F 2 5 13X646, p 5 0X005) were found to be significant.
Results and discussion
The result that illumination does not seem to affect the thresholds for white and luminosity may be due to a statistical artifact, given that the curves for illuminations I 1 and I 2 are practically overlapping for T g . In addition to this fact, we also found that the standard errors were very low within subjects, but extremely high between subjects and for both types of adjustments. This type of result was previously reported for luminosity-threshold adjustments (Bonato and Cataliotti 2000) but is completely new as far as the determination of perceived white is concerned. In any case, as a result of both the collapsing illumination curves and the high between-subjects standard errors we decided to take a closer look at our data. We therefore ran separate paired t-tests for each pair of targets (table 1) and found that only the adjustments for the targets on the highest background, perceived under illumination I 3 , were systematically statistically different.
A final curious fact to report is that after adjusting T g to luminosity, observers often returned to T w and increased its luminance further because, as a few observers put it,`i t didn't look white anymore''. Hence, although there is some interaction between the two visual processes that determine lightness and luminosity, the outcomes are well distinguished by the observers from the perceptual standpoint. 
Experiment 2
Given that results for experiment 1 were somewhat contradictory, we ran a second experiment which differed from experiment 1 in four ways: (i) Both targets were embedded in a cross, but the arms of the cross containing T w were constantly black throughout all trials (figure 2b). This establishes a common geometry for both targets, at the same time reducing possible effects of perceptual size differences due to the presence or absence of the arms of the cross. With both targets being embedded in crosses, they are more likely to appear as coplanar.
(ii) The background luminance range was considerably increased. The advantage of an extended range is that it offers a better view to the dynamics of perceived surface-white, which is of extreme interest since the determination of this`simple' percept appears to be at least as problematic as the determination of the threshold for luminosity with adjustment methods.
(iii) Only two room illumination conditions, instead of three, were usedödark and brightöin order to check whether the lack of significance for this factor in experiment 1 was due to a statistical artifact (curves for I 1 and I 2 almost overlap in figure 2a ).
(iv) Observers were divided into two groups in order to check eventual influences of order effects depending upon the starting room illumination condition of the adjustment sessions.
3.1 Material T g and T w were both embedded in crosses and presented on a 21 inch Sony Trinitron. The luminance for the two targets could range from 0.05 to 112 cd m À2 with 256 luminance steps. Both targets measured 6 cm66 cm (6 deg side), while the arms of the crosses measured 6 cm66.5 cm. Three different backgrounds (B ) were still used, but the luminance range was extended (0.15, 13, and 70.3 cd m À2 ). The crosses were spaced 0.5 cm apart, with T g on the left and T w on the right. Two room illumination conditions were used: I 1 dark room; and I 2 bright room. In the first case, the computer screen was the only source of illumination in the room and so the illumination of the room changed as a function of the background or of the adjustments performed by the observers. In the second case, the light came from above and consisted of neon illumination. Stimuli were viewed binocularly in free vision at a distance of approximately 57 cm.
Participants
Six people from the New Brunswick^Princeton area served as paid participants in the experiment. Participants were volunteers that had previous experience with psychophysical tasks and were unaware of the purposes of the experiments. All observers had normal or corrected-to-normal vision.
Procedure
The task was similar to the one specified for experiment 1. Both crosses appeared black at the beginning of each trial. There were two blocks of trials (dark room and Table 1 . Results of paired t-tests for experiment 1 (hypothesised difference 0): p -values in cells for each pair of targets (T g and T w ) resulting from the combination of background luminance (rows) and room illumination (columns, where I 1 is illumination in a dark room; I 2 in a dim room; and I 3 in a bright room).
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bright room). Observers were divided into two groups: one group performed adjustments first for I 1 and then for I 2 , while the second group performed adjustments in the reverse order. An interval of about 30^45 min was left between finishing the first block of trials and beginning the next. Observers performed 10 adjustments for each target seen against each of the three backgrounds for each of the two conditions of I, leading to a total of 120 adjustments. Figure 2d displays the results for experiment 2. An ANOVA for repeated measures, with starting room illumination condition as a between factor, was used to analyse the data. This time illumination was found to significantly affect adjustments (F 1 5 19X232, p 5 0X01), although which room illumination condition participants started with had no significant effect over adjustments (F 1 5 0X283, p 0X623). As one can see, the thresholds for white were always higher than the thresholds for luminosity, regardless of the illumination condition or the background (F 1 5 35X088, p 5 0X005). The B6I interactions (F 2 5 10X732, p 5 0X005) and B6T interactions (F 2 5 16X622, p 5 0X001) were again found to be significant. t-Tests were carried out for each pair of targets in all the experimental conditions and this time the differences between the means were all statistically significant (table 2) . Also, the standard errors were lower, but those for white were, on average, higher than those for luminosity, confirming the view that the definition of what is to be seen as white is not unanimous understanding, as is often suggested in the literature. This agrees with the idea that there may be a range of whites, rather than only one possible white in a visual scene (Evans 1974; Zavagno et al 2004) .
Results and discussion
Two facts seem to be important. The first is that the level of illumination in the room does have an overall influence both for the determination of perceived white and for the perceived luminosity threshold in the glare effect. The second fact is that the effect of the level of illumination in the environment affects, almost in the same manner, these two percepts, given that the pair of curves for I 1 (for T g and T w ), and the analogous pair of curves for I 3 are practically parallel.
As was already observed in experiment 1, observers often felt the need to go back to target T w and increase its luminance after they had adjusted T g to luminosity. This seems to suggest some kind of dependence between the two percepts. A possible explanation is that while the presence of luminance gradients has the effect of lowering the threshold for luminosity, it also has the opposite effect of increasing the thresholds for white, possibly because of changes in the mean luminance present across the entire stimulus (which indeed changed while subjects increased the luminance to make T g glow). There is strong evidence which shows that lightness outcomes can be influenced by luminance gradients (McCourt 1982; Logvinenko 1999; Agostini and Galmonte 2002). However, two points must be considered: (i) the evidence so far shows that gradients influence lightness when they are adjacent to or surrounding the target area, and (ii) it is Table 2 . Paired t-tests for experiment 2 (hypothesised difference 0): p -values in cells for each pair of targets (T g and T w ) resulting from the combination of background luminance (rows) and room illumination (columns where I 1 is illumination in a dark room; and I 2 in a bright room).
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not clear how gradients are used by the visual system during lightness computation.
In our experiments, gradients were neither adjacent to nor surrounding T w ; hence it is not yet clear whether they had a role in determining the threshold for white.
Experiment 3
A control experiment was carried out to verify the hypothesis that it is because of the luminance gradients that the thresholds for white are so high. The experimental design consisted of two sessions. In the first session the observer would adjust a target (T g ) to luminosity. In the second session, the same observer would adjust a target (T w ) to white. With respect to experiment 2, a further modification was introduced to the design: the luminance of the arms surrounding T w for a specific background was established singularly for each participant in terms of the mean luminance of the luminance ramp ranges, grouped for background, as adjusted by the participant in the first session. This experimental design allowed us to achieve some insight into the following issues: (i) Did T w have high thresholds in experiments 1 and 2 because of the luminosity of T g ? If so, then we expected lower thresholds for T w with respect to experiment 2, even if the arms of the cross surrounding T w possibly had a higher luminance than in the previous experiment.
(ii) Are the thresholds for T w influenced by the presence of luminance ramps considered by the system in terms of their absolute range? In such a case, we expected substantial differences with respect to the results of experiment 2. However, it was not clear in which direction these differences would manifest themselves. In terms of lateral-inhibition types of models, owing to the peculiar settings of session 2, one might expect even higher thresholds than those achieved in experiment 2, because of the higher luminance of the arms of the cross surrounding T w , which would exert more inhibition on T w , thus requiring higher adjustments.
(iii) Are the thresholds for T w influenced by the presence of luminance ramps considered by the system in terms of their average luminance? In such a case we expected no substantial difference with respect to the results of experiment 2.
Material
Stimuli were computer-generated and displayed on a calibrated 21 inch screen (BARCO). The targets appeared at the centre of the screen and were each embedded in a cross. The dimensions of targets and crosses were the same as in experiment 2. Three backgrounds were used (0.13; 12.98; 69.57 cd m À2 ) and only one level of room illumination (I 1 , dark room). As in experiment 2, the cross for T g and T g itself both appeared completely black (0.03 cd m À2 ) at the beginning of each luminosity trial; as observers adjusted T g to luminosity, a luminance gradient appeared on the cross, in the ways specified for the previous experiments. For the white session, T w appeared black at the beginning of each trial and the luminance of the arms of the cross was fixed for each observer in the following way: the ranges of all the luminance gradients from the first experimental session, grouped for backgrounds, were averaged; the mean luminance of each background group was then applied to the cross embedding T w according to the background.
Participants
Seven subjects (three male and four female), including one of the authors, took part in the experiment, which was carried out in the Department of General Psychology in Padua. Two of the participants were aware of the purposes of the experiment (one of the authors, D-7, and a graduate student, A-1, see figure 3 ). All observers were trained psychophysicists except A-1 and M-4. All observers had normal or corrected-to-normal vision. Individual results and mean results for experiment 3. In this experiment, which was run in two sessions, the cross surrounding T w (similar to figure 2b) had the mean luminance of the threshold gradient for T g to glow, as established individually in a first session. Dashed lines indicate results for T g , solid lines for T w . Thresholds for T w are also superior to thresholds for luminosity in glare-like displays.
Procedure
The experiment was divided into two sessions. The second session took place on the following day. For both sessions, the participant was taken into a dark laboratory, illuminated only by the CRT. In the first session, the participant was asked to adjust the luminance of the centre of the cross (T g ) till it appeared self-luminous. Again, the analogy of a luminous neon tube was used. Participants first performed some free adjustments, and when they felt familiarised with the task, the actual experiment began. After the first session was terminated, participants were informed that the second session would take place the following day. For the second session, participants were asked to adjust the target (T w ) to white. It was explained that there may be different``levels of white'', and what we were seeking was not the``best white'' but rather the``very first level'' of white, that is when what they saw could no longer be classified as grey (Wittgenstein 1977) . Participants were then invited to perform some training trials and, when they felt confident with the adjustment task, the actual experimental session began. For both sessions, the same keys were used to increase or decrease the luminance of the target. There were ten trials for each background in each session. Figure 3 and table 3 show the results for each participant for both targets and the mean results of all subjects. A repeated-measures ANOVA was carried out on the threshold of all subjects showing significant effect of task (luminosity versus white) (F 1 6 2X64, p 5 0X003), significant effect of background (F 2 12 186X11, p 5 0X0001), and significant interaction (F 2 12 22X75, p 5 0X0001). In addition, repeated-measures ANOVAs were carried out on the trials of each subject, showing that the background luminance (three levels) was a significant factor for both types of adjustment for all participants, except for participant A-1 whose adjustments for T g did not differ statistically for different backgrounds. While the mean between-subjects standard errors are relatively big, the mean within-subjects standard errors are considerably smaller. As one can see, Table 3 . Results for experiment 3 ömeans with standard errors (in parentheses). Cross luminances for T w are shown in square brackets. The final row shows means from experiment 2 for adjustments of both T g and T w in the dark room condition.
Results and discussion
the mean results are quite similar to those obtained for the low-illumination condition of experiment 2. A series of unpaired t-tests was performed to compare the mean results of experiment 3 with those of experiment 2. With respect to T g , no statistical differences emerged (dark background: t 0X82, p 0X4; medium background: t 0X32, p 0X7; bright background: t 1X11, p 0X2), and F -tests confirmed a substantial similarity between the variances of the two groups.
With respect to T w , however, the comparison between the mean results of experiment 2 and experiment 3 showed a difference with bright backgrounds, but group results for dark and medium backgrounds showed no statistical differences (dark background: t À0X19, p 0X8; medium background: t 0X04, p 0X9; bright background: t 2X5, p 5 0X05), and F -tests showed that variances for dark and medium backgrounds were not statistically different.
The comparison results from experiments 2 and 3 suggest that, to some extent, the visual system appears to take into account the average luminance of luminance ramps during lightness computation. However, the statistical difference between experiments observed for T w on bright backgrounds suggests also that the visual system will average luminance gradients only when these are somewhat shallow. The results of experiment 3 for T w and bright backgrounds, in fact, show the major importance of the background luminance with respect to the luminance of the cross (see table 3 ). Indeed, more experiments are required to understand the role of luminance gradients in lightness computation, a problem, however, that goes beyond the purpose of our study.
Finally, the fact that no statistical difference emerged by comparing the results for T g in the two experiments suggests once again that luminosity perception is independent from lightness computation even if some level of interaction cannot be excluded, as suggested by the tendency of higher thresholds for T g in experiment 3. However, such interaction appears opposite to what one would expect: the presence of white in the same field of illumination appears to lower somewhat the luminosity threshold for the glare effect rather than to increase it.
General discussion
In all experiments, luminance thresholds for luminosity turned out to be systematically lower than luminances for perceived white. Results reveal the crucial role of luminance ramps on luminosity perception, compared to the limited relevance of the luminance-towhite ratio. The adjustments for self-luminosity in the glare effect, with the presence of a surface white determined by the observer, confirm the hypothesis formulated in previous studies Caputo 1997, 1999) that it is possible to perceive selfluminous greys. We also found that background and illumination appear to affect in equal measure the perceived white threshold and the self-luminosity threshold. Finally, the findings of experiment 3 suggest a different use for luminance gradients relative to lightness computation and luminosity perception. In fact, for lightness computation, comparisons between T w adjustments for experiments 2 and 3 suggest that luminance gradients are considered in terms of their mean luminance when luminance ramps are somewhat shallow, but for luminosity perception, ramps are considered for their actual luminance range. This finding may have implications for the Craik^O'Brien^Cornsweet illusion. This illusion usually appears with shallow gradients but, nevertheless, the slope of such gradients can be increased to a certain point (up to about a 30% difference between the two ends of the gradient) after which the illusion becomes bistable and eventually totally disappears (Zavagno 2001) .
The findings of these experiments lead to the general conclusion that it is not only a ratio-to-white (Bonato and Gilchrist 1994 ) that determines what is luminous or what is surface colour, but rather that there are specific photo-geometrical factors (ie halos) detected by the system that are strictly related to the computation of luminosity.
That luminance gradients and their distribution around luminous objects could be a key to understanding luminosity can also be demonstrated by considering art works in which gradients and other spectacular irradiations have been used to mimic the appearance of luminosity (Zavagno and Massironi 1997; Zavagno 2002) . A brilliant early brightness illusion by Kennedy (1976) , not far in its visual concept from the glare effect, shows how close Renaissance artists were in actually rendering an experience of self-luminosity in many of their graphic artworks.
In more recent years, researchers in computer graphics, in an attempt to render the visual world in an ever so veridical way, have shown a growing interest in luminosity as a visual experience, by formulating algorithms to properly render those photogeometric features that are the outcome of light scatter. The goal is to increase the perceived dynamic range of computer-graphic simulations by representing light sources (Schlick 1994; Spencer et al 1995) .
The participants in experiments 1 and 2 often had to adjust the target-to-white to a higher luminance after having adjusted the glare display to luminosity. We hypothesise that this occurred with a certain frequency for two reasons: (i) the visual system may have taken the average luminance of a surface made of a luminance ramp and used it in lightness computation; (ii) the presence of artificial gradients around T g somewhat diminished the salience of the natural gradients around T w which may have enhanced the brightness of T w in ways similar to the effect seen in figure 1 for shallow gradients. The two hypotheses are not mutually exclusive. Grounds for the last hypothesis come from considering the slopes of the curves for both targets in the dark room conditions, which happen to be steeper than those for the curves in the bright room conditions in experiments 1 and 2. In fact, natural gradients from the target would be less salient in a bright room than in a dark room, thus reducing the effect those gradients may have on the target for different backgrounds.
The findings of our experiments appear to contradict the conclusions drawn by Bonato and Gilchrist (1994) , who claim that the luminosity threshold exhibits constancy with respect to changes in background luminance and illumination. Nevertheless, we advance the more challenging hypothesis that, within a specific illumination condition, the 1.7 ratio, rather than representing a special bond between white and luminosity, defines the level of intensity that will cause basic physical and physiological effects of light scattering and diffraction at the proximal level of stimulation (Simpson 1953; Bettelheim and Paunovic 1979; Beckman et al 1994) . This of course implies that halos, bloom, and flare lines that we see surrounding light sources are the perceptual results of those basic physical and physiological effects which, as part of the retinal image, must be held to play a crucial role as far as self-luminosity perception is concerned. In our experiments, subjects artificially determined those features, thus allowing the targets surrounded by gradients to appear as self-luminous at luminances far below those required to see a similar target as white.
Recent psychophysical experiments (Bonato and Cataliotti 2000; Lu et al, submitted) seem to exclude the possibility that luminosity as a perceptual outcome is already defined at a retinal or at a lateral-geniculate-nucleus stage, and that a specific ventrooccipital cortical area is instead involved (Leonards et al 2003) which is different from the occipito-temporal pathway that is involved in surface-colour perception (Rossi et al 1996; Bartels and Zeki 2000) , so indicating the existence of two different visual streams which may reflect the existence of two different perceptual pathways as found in our experiments.
